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Abstract of JP2001 036190 

PROBLEM TO BE SOLVED: To control an adjustable optical 
transmitter to operate without causing mode hoppings and at 
the same time, to maintain the side mode suppression ratio of 
the transmitter as high as possible, by supplying a tuned 
current of a level at which the side mode suppression ratio 
becomes the maximum to a laser with respect to each channel 
wavelength by means of a controller. SOLUTION: An analog 
approach is constituted of a combination of a phase sensitive 
detector(PSD) 20 and a dither source 28, and the primary 
derivative with respect to the tuned current of the output 
current of a distributed Bragg reflector(DBR) semiconductor 
laser 12 is generated. When a lock-in amplifier is used as the 
PSD 20, an in-phase lock-in signal generated by the amplifier 
becomes proportional to the primary differential coefficient. 
The derivative is used for controlling the operation of the laser 
12. Namely, the laser 12 is constituted to operate at the 
maximum side mode suppression ratio(SMSR), regardless of 
to which channel the laser 12 is designated for providing a 
carrier signal. 
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FIELD OF THE INVENTION 



This invention relates generally to tunable optical transmitters, and, more particularly to such transmitters that include tu 
DBR semiconductor lasers and arrangements for stabilizing such lasers and for maintaining their side mode suppression 
(SMSR) relatively high 

BACKGROUND OF THE INVENTION 

Wavelength division multiplexed (WDM) optical networks increase the information carrying capacity of a communicati. 
transmission) system by loading multiple channels, each at a different cairier frequency or wavelength, onto a single opt 
fiber. Over the last few years, the channel density of commercial WDM systems has increased dramatically. At the prese 
for example, commercially available systems are available that operate at carrier wavelengths around 1.55 .mu.m and thj 
80 mdividual channels spaced at 50 GHz. Even larger capacity systems are being planned. These systems are often refer 
dense WDM or DWDM systems. It is advantageous in such systems to use optical sources (or transmitters) that can opei 
any one of a subset of the desired channel wavelengths. 

However, as these systems are operated for long periods of time, the DBR semiconductor lasers tend to degrade in perfo 
due to agmg and material defects. As a result, the wavelength of the laser drifts from the desired channel wavelength. If 
is sufficiently large, the laser may experience a mode hop; ie., its output may switch abruptly to a different longitudinal i 
a WDM system, a channel experiencmg a mode hop would abruptly start to operate in a mode (i.e., at a carrier waveleng 
different from that originally assigned (e.g., at a channel wavelengdi different from that designated by an ITU grid). 

Concomitant witii the need to control (i.e., stabilize) the lasers so that each channel operates at a predetermined carrier 
wavelength (longitudinal mode) without mode hopping is the need to maintam the intensity of other longitudinal modes 
relatively low, that is, the side mode suppression ratio should be maintained as high as possible. 

One prior art approach to achieving wavelength stabilization and maintaining high SMSR is described by S. L. Woodwa 
IEEE Photonics Lett., VoL 4, No. 5, pp. 417-419 (May 1992), which is incorporated herein by reference (hereinafter refi 
as Woodward). In the Woodward arrangement a DBR laser includes a Bragg tuning section monolithically integrated wi 
disposed between a gain section and a photodetector section. A control loop ostensibly ensures smgle mode operation of 
laser with high SMSR More specifically, a 100 kHz sine wave (dither) is added to the tuning current applied to the Bragj 
section An error signal is derived from light transmitted through the Bragg section to the integrated photodetector. This i 
signal is detected in a lock-in amplifier and fed back to the tuning section. As shown in FIG. 2 of their paper, Woodward 
suggests that maximum SMSR is obtained when the first derivative of the detector current (i.e., the laser output power) \ 
respect to the tuning current is zero (i.e., dPout /ditune =0). 

SUMMARY OF TIRE INVENTION 

In practical WDM systems, I have found that the maximum SMSR for each channel does not necessarily occur where 
dPout /ditune =0. In fact, in a representative case the SMSR at dPout /dItune =0 may be 3-5 dB below the maximum; i.e 
most channels the maximum SMSR occurs at values of tunmg current where this fu-st derivative is not zero. Taking advj 
of this discovery, in accordance with one aspect of the mvention, a wavelength stabilized optical transmitter includes a E 
semiconductor laser and a feedback loop for controlling the center wavelength of the laser, characterized in that the trans 
also includes a memory in which are stored the non-zero values of dPout /ditune where the SMSR is a maximum for eac 
multiplicity of different channel wavelengths and further includes a controller responsive to the stored values for deliver 
the laser a level of tuning current that maximizes the SMSR for a particular channel wavelength, dr 

BRIEF DESCRIPTION OF THE DRAWING 

The invention, together with its various features and advantages, can be readily understood from the following more detj 
description taken in conjunction with the accompanying drawing, in which: 

FIG. 1 is a schematic, block diagrammatic view of an optical transmitter in accordance with one embodunent of the inve 
which an analog scheme is used to generate dPout /ditune ; 

FIG. 2 is a schematic, block diagrammatic view of an optical transmitter in accordance with another embodiment of the 
invention in which a digital scheme is use to generate dPout /ditune ; 

FIG. 3 shows graphs of the wavelength of the output of a DBR laser and its SMSR as a fimction of tuning current measu 
gain current of 100 mA and a temperature of 20 DEG C; 

FIG. 4. shows graphs of the in-phase lock-in signal and the SMSR as a fimction of tuning current; 

FIG. 5 shows graphs of the front facet output power (solid lines) and the SMSR (dashed lines) to demonstrate that the m. 
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SMSR for each channel does not necessarily occur at tuning currents where dPout /ditune is zero; 

FIG. 6 shows graphs of the wavelength of the output of a DBR laser and the output power of the laser coupled into an o( 
fiber as a function of the gain current applied to the laser under closed loop wavelength and mode-hop control. 

In the interest of clarity and simplicity, FIGS. 1 & 2 have not been drawn to scale. In addition, when describing physical 
optical dimensions, the symbol A stands for Angstroms, whereas when describing electric current, it stands for Amperes 

DETAILED DESCRIPTION OF THE INVENTION 

With reference now to FIG. 1, an optical transmitter 10 in accordance with one embodiment of the invention comprises { 
tunable, distributed Bragg reflector (DBR) laser 12 designed to generate a light output at any one of a multiplicity of cen 
wavelengths; for example, the carrier or channel wavelengths of a WDM communication system. The laser output is cou 
a transmission medium, illustratively depicted as an optical fiber 14. In a WDM system the outputs of a plurality of DBF 
would be combined, for example in a suitable passive coupler (not shown), for simultaneous transmission over the fiber, 
latter delivers the laser output to a utilization device 15 that may include a piece of terminal equipment, a optical receive 
optical amplifier, an optical isolator, an optical coupler, an optical multiplexer, etc. 

The DBR laser, which is well known in the art, typically comprises at least two monolithic, optically coupled sections ar 
in tandem: a gain section and a DBR section. 

Optionally, the laser may also include one or more of the following devices monolithically integrated therewith: an optic 
amplifier section, a modulator section, a photodetector section, other grating sections, or frequency tuning sections. 
Alternatively, the photodetector may be a discrete device external to the laser. (As discussed later, each of the embodimc 
FIGS. 1 & 2 utilizes an external discrete photodetector 16. 1 that is part of frequency discriminator 16.) In either case, th( 
photodetector serves as a monitor of the output power of the laser. The output power is, in turn, determined by the gain c 
Igain applied to the gain section. The output emission may emerge from the gain section, in which case it is commonly r 
to as front facet emission, or it may emerge from the DBR section (or integrated photodetector section, if used), in whicl 
is commonly referred to as back facet emission On the other hand, a tuning current Itune is applied to the DBR section ii 
in order to tune the center wavelength of the laser output. In a WDM system the laser would be capable of generating an 
a multiplicity of center wavelengths corresponding to a subgroup of the channel wavelengths. The outputs of different la 
generating different subgroups of wavelengths would then be combined to cover the spectrum spanned by the channels c 
system. 

Without more, however, the output wavelength of the laser 12 would not be stable over long periods of time; that is, the 
wavelength tends to drift due to aging zmd material defects in the laser. As discussed earlier, if the wavelength drift is 
sufficiently large, the laser may exhibit mode hopping; i.e., it may abruptly switch from operation in one longitudinal m( 
(center wavelength) corresponding to the desired or assigned channel wavelength to another longitudinal mode. Conseqi 
tiie transmitter 10 is provided with several feedback loops to stabilize its output wavelength and to suppress mode hoppii 
Optionally, it may also include a third feedback loop to maintain its output power constant. 

More specifically, transmitter 10 includes a wavelength-stabilization feedback loop formed by an optical coupler or tap I 
frequency discriminator 16, a microprocessor (.mu.P) 18 and laser 12. Well known thermoelectric cooler (TEC) 12.1 an( 
temperature sensor 12.2 are thermally coupled to the laser. The tap 22 couples a small portion (e.g., 5%) of the light outp 
the discriminator 16. The discriminator, also well known, includes a collimator (not shown) for directing the optical sign 
tap 22 to a beam splitter (also not shown). The latter splits the beam into two portions one of which is received by a refei 
photodetector 16. 1 and the other of which is peissed through a Fabry- Perot (FP) etalon (not shown) to a FP photodetectoi 
The DC photocurrents IFP and Iref from these photodetectors are coupled to transimpedance amplifiers 24 to generate 
corresponding voltage signals VFP and Vref that are supplied as inputs to .mu.P 18. Discriminator 16 also includes a 
temperature sensor 16.3 that supplies another input to .mu.P 18, as does the temperature sensor 12.2 of laser 12. The .mu 
turn supplies an error signal Terror to TEC 12.1 to controllably alter the temperature of the laser and, more particularly t 
temperature of the DBR section of the laser. 

In operation, the wavelength-stabilization feedback loop measures the ratio (referred to as the discriminant) of the DC 
photocurrents. The error signal Terror is generated by deviation of this discriminant from the value stored in the .mu.P ft 
predetermined center wavelength of operation for the laser (e.g., an ITU grid point). The error signal drives the TEC 12. 
the temperature of the laser in a closed loop feedback fashion to null the deviation. 

On the other hand, the mode-hop-suppression feedback loop includes a phase sensitive detector (PSD) 20 (e.g., a lock-in 
amplifier), a DC source 26 of tuning current, an AC source 28 of dither signal, and .mu.P 18. PSD 18 receives inputs fro 
Vref output of discrmintor 16 and from a dither source 28 and delivers its output signal (e.g., the in-phase signal of the U 
amplifier) over connection 2 1 to .mu.P 1 8. The dither signal from source 28 is added to the DC tuning signal from sourc- 
is applied to the DBR section of the laser. The magnitude of the DC tuning current is controlled by .mu.P 18. 

Illustratively, the DC tuning current ranges between 0.1 and 40 mA, whereas the dither current may have a relatively sm 
amplitude of only about 10 .mu.A peak-to-peak. 
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In operation, the combination of the PSD 20 and the dither source 28 constitutes an analog approach to generating the fu 
derivative of the output power of the laser with respect to the tuning current; i.e., dPout /ditune. (As discussed later with 
reference to FIG. 2, a digital approach to generating this derivative may also be utilized.) Where the PSD is a lock-in am 
the in-phase lock-in signal generated by the amplifier is proportional to this first derivative. The in-phase signal is taken 
positive when the derivative is positive, and otherwise it is taken to be negative or zero. (The quadrature signal from the 
amplifier has been observed to be insignificant for all values of tuning current used) This first derivative is used control i 
operation of the laser so that it operates at maximum SMSR for whatever channel it is designated to provide the carrier s 
By maximum we mean to include not only the local maximum for each channel but also values for SMSR that are withii 
1 dB of that maximum. This range of acceptable SMSRs, of course, means that there is a corresponding range of accepta 
values of dPout /ditune and/or tuning current. 

ITius, the staircase graph of FIG. 3 depicts the tuning of a DBR laser with each approximately horizontal step containing 
different values of the in-phase lock-in signal (ie., values proportional to dPout /ditune) corresponding to the local maxir 
SMSR Typically these values are stored in memory in the .mu.P 18 before the transmitter is deployed in the field, e.g. w 
still in the factory. FIG. 4 illustrates the situation The four vertical arrows 40-43 designate the values of the in-phase loci 
signal that provide a local maximum SMSR for each of four adjacent channels. In this case, the values -0.9, -I.O, -0.8, ar 
would be stored for channels corresponding to arrows 40-43, respectively. The corresponding values of tuning current m 
be stored in memory. Following the de^tion of the term maximum above, a range of these values might be stored to cc 
each of the local maxima .+-.1 dB. 

It is important to note that the values of tuning current corresponding to local maximum in SMSR do not necessarily cor. 
to those where dPout /ditune =0, as illustrated in FIG. 5. Here, the graphs depict both the front facet output power of the 
laser and the SMSR as a function of tuning current. The peaks of the power curve, where dPout /ditune =0, clearly do nc 
with the peaks of the SMSR cvu^^e, the local maxima in SMSR. In fact the tunmg currents where dPout /ditune =0 appea 
skewed toward the lower current side of each SMSR peak and tend to be at values where the SMSR is 3-5 dB below the 
maxima 

Use of a constant amplitude dither current gives reduced lock-in signal for higher values, of tuning current. In practice, e 
lock-in signal is detected to stabilize the tuning current to a particular value corresponding to an SMSR within about 1 dJ 
local maximimi for each tuning step (i.e., each channel). If more signal were required, the amplitude of the dither cuireni 
be scaled proportional to the tuning current to give constant optical modulation depth for each channel at each point of 
maximum SMSR. Alternatively, a constant voltage amplitude dither signal could be used. 

The optional power control loop, shown in FIG. 1, includes the .mu.P 18, the connection 19 to gain current source 30, ar 
laser 12. 

It is to be understood that the above-described arrangements are merely illustrative of the many possible specific embodi 
which can be devised to represent application of the principles of the invention. Numerous and varied other arrangement 
devised in accordance with these principles by those skilled in the art without departing from the spirit and scope of the 
invention. In particular, the first derivative dPout /ditune may be generated digitally rather than in the analog fashion des 
above, FIG. 2 illustrates this embodiment of the invention. Tlie .mu.P 18 generates a square wave current ISW and contr 
amplitude and duration. ISW is added to the DC current IDC so that the total tuning current applied to the DBR section j 
between two values IDCl and IDC2 ;.e.g., between IDC and IDC +ISW for the case where one of the values of the squa 
is zero. Typically ISW is relatively small e.g., 10@-3 to 10@-4 of IDC. The variations in the laser output power produce 
small, incremental changes in tuning current are detected by the reference detector 16.1 in the discriminator 16. Uhimatc 
these changes in current appear as variations m Vref the input to .mu.P 18. A numerical derivative is calculated by the .n 
and is used to stabilize the laser in the same fashion as the derivative obtained in an analog fashion using the phase lockc 
of FIG. 1. 

EXAMPLE 

This example describes an optical transmitter of the type depicted in FIG. 1 in accordance with one embodiment of the 
invention. Various materials, dimensions and operating conditions are provided by way of illustration only and, unless o 
expressly stated, are not intended to lathe scope of the invention. 

The DBR laser comprised a three section, monolithically integrated device including a DBR section disposed between a 
section and a photodetector section. However, the latter was not utilized. Rather a discrete photodetector within the 
discriminator was used as the power monitor. In one design the gain section was 410 .mu.m long; in another it was 820 . 
long. In both cases the gain section included an MQW active region including a stack of six compressively strained InGj 
(quaternary) quantum well layers grow,n on top of a 1 .3 .mu.m bandgap waveguide layers. The DBR section was 300 .ir 
long and comprised a 1.42 .mu.m bandgap, 2000 A thick quaternary layer grown during a separate growth step on top of 
waveguide layers after the active region MQW layers had been removed by selective chemical etching. 

The laser was mounted on top of a carrier (e.g., a silicon or ceramic substrate) and, in a fashion well known in the art, TI 
and sensor 12.2 were mounted under the carrier. Fiber was coupled through a well known lens arrangement to the front i 
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the laser. Coupler 22 was a commercially available 5% tap that delivered a portion of the laser output power to a collima 
into the package wall of the discriminator 16. The light beam emerging from the collimator had a diameter of about 0.5 i 
divergence of about 0.25 DEG . It was split into two beams by a sheet of InP that was AR coated on its output surface ar 
at an angle of about 10 DEG with respect to the input beam axis. The portion of the beam reflected from the InP splitter 
incident on photodetector 16.1 that served as a power monitor. The portion of the beam transmitted through the splitter v 
incident on a FP etalon tilted at an angle of about 5 DEG with respect to the beam axis. Light emerging from the FP etah 
collected by photodetector 16.2. The photocurrent generated by the latter had impressed on it the transmission character] 
the etalon. The power dependent ratio of the photocurrents of these two detectors served as the discriminant signal deliv* 
the .mu.P 18 as VFP by transimpedance amplifier 24. 

The discriminant signal was measured to be largely polarization independent. A sampling of about 500 polarization state 
distributed evenly over the Poincare sphere produced variation of the discriminant signal equivalent to a total peak-to-pe 
variation in wavelength of about 3 pm (picometers) at the steepest slope of the discriminator vs wavelength frinction 

The free spectral range (FSR) of the FP etalon was designed to match the tuning step size of the laser. Data of FIG. 3 sh( 
tuning step size and FSR each of 100 GHz. As will be discussed later, a combination of 100 GHz components can be use 
DWDM system with 50 GHz channel spacing. 

The PSD 20 was a commercially available lock-in amplifier, and the .mu.P 18 was a conmiercially available microproce 
The dither source 28 imposed a 10 kHz, constant/amplitude current (about 10 .mu.A peak-to-peak), on the DC tuning cu 
from source 26. The latter ranged from about 0.1 to 40 mA. 

FIG. 3 shows the characteristics of the DBR laser a function of tuning current applied to the DBR section. Stepwise tunii 
shorter wavelengths was observed with increasing tuning current. Midstep-to-midstep wavelength intervals of 0.8 nm (1» 
were observed, as determined by the optical length of the gain section (410 .mu.m in this case). The SMSR was observe* 
peak at the center (average current) of each tuning step. Fiber-coupled output power from the gain section, shown in FIG 
showed characteristic rounded peaks roughly centered on each tuning step. Closer inspection showed that the peaks in p< 
occurred at tuning currents slightly lower than that corresponding to the centers of each tuning step or to the peaks in the 
curve. We investigated DBR lasers with both 100 GHz tuning steps (FIG. 3) and 50 GHz tuning steps (not shown). 

With the feedback loops open and the tuning and gain currents fixed variation in the DBR laser temperature was observe 
cause the laser output to exhibit mode hopping. For a typical channel two mode hops were observed between and 1 0 DE 
40 DEG C. To investigate the effectiveness of the mode-hop-suppression loop, the open to closed loop cases were comp 
each tuning step as the laser temperature was gradually increased from 0 DEG and 40 DEG C. The results indicated that 
hopping was suppressed. No mode hops were observed for the approximately 20 tuning steps exhibited by this 50 GHz s 
sized DBR laser over the entire temperature range. Tuning varied under closed loop conditions to maintain maximum 
the temperature varied and the gain current remained fixed. The SMSR remained above about 30 dB over the entire rang 
tuning steps, and was below about 35 dB only at higher temperatures at which the laser's threshold current was relativel> 
The observed rate of tuning with temperature was 0.095.+-.0.003 nm/ DEG C. for all steps, a value characteristic of 1 .55 
DFB lasers as well. 

Dual loop control was also demonstrated by operating the transmitter with both the wavelength-stabilization loop and thi 
hop-suppression loop closed. The gain current was ramped from 50 mA (just below threshold at the highest tuning curre 
100 mA FIG. 6 shows the output power and wavelength for a given tuning step. Wavelength was observed to remain wii 
about .+-.2 pm or .+-.0.25 GHz (wavelength resolution limited by instrumentation used) as the output power increased. ( 
50 mA range in gain current the fiber output power increased from about 0.05 to 0. 1 7 m W, while the SMSR increased fr 
about 35.5 to 41 .5 dB. In practice, the third, power control feedback loop could be used to maintain constant the output f 
using the photodetector 16.1 in the discriminator 16. This third loop would operate together with the other two loops to r 
the power, wavelength and SMSR at a given point on FIG. 6. 



Data supplied from the esp@cenei database - Worldwide 
Claims of corresponding document: US6064681 

What is claimed is: 

1 . A optical transmitter for use in a WDM system having a multiplicity of channels each operating at a different channel 
wavelength, said transmitter comprising 

a DBR semiconductor laser, the output of said laser having a center wavelength and at least one side mode, said center 
wavelength being responsive to tuning current applied to said laser, 

a feedback loop for controlling said center wavelength, characterized in that said transmitter also includes 
a memory in which are stored a non-zero value of a first derivative of the output power of said laser with respect to tunir 
current where a side mode suppression ratio (SMSR) is a maximum for each of said multiplicity of different channel 
wavelengths, and 
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a controller for generating said first derivative and for comparing said generated and stored values, and, in response to S2 
comparison, for delivering to said laser a level of tuning current that maximizes the SMSR for a particular channel wave 

2. The invention of claim 1 wherein said transmitter includes a microprocessor, said microprocessor including said mem 
said controller. 

3. The invention of claim 1 wherein said feedback loop includes a first feedback loop for stabilizing said center wavelen 
a second feedback loop for preventing said center wavelength from hopping from one longitudinal mode to another. 

4. The invention of claim 1 wherein said laser comprises a DBR section and a gain section arranged in tandem, said tran: 
includes a current source for applying said tuning current to said DBR section, a phase sensitive detector (PSD), and a di 
signal source coupled to said PSD and to said DBR section. 

5. The invention of claim 4 further including a frequency discriminator responsive to an output of said laser, a microproc 
responsive to the outputs of said discriminator and said PSD for generating said first derivative. 

6. The mvention of claim 5 wherein said PSD is a lock-in amplifier that generates an in-phase lock-in signal, and said 
microprocessor compares the values of said in-phase lock-in signal to said stored values of said first derivative, thereby 1 
deliver to said DBR section tuning current that maximizes said SMSR for each of said channel wavelengths. 

7. The invention of claim 4 wherein said transmitter output is amplitude modulated, and the output of said dither source 
proportional to the tuning current so as to provide essentially constant modulation depth for each channel at each of the i 
maximvun SMSR. 

8. The invention of claim 4 wherein said transmitter output is amplitude modulated, and the output of said dither source 
essentially a constant voltage at each of the points of maximum SMSR. 

9. The invention of claim 1 wherein said laser comprises a DBR section and a gain section arranged in tandem, said tran: 
includes a current source for applying said tuning current to said DBR section, said controller includes a microprocessor 
provides a relatively low emiplitude square wave that is added to said tuning current to cause amplitude variations thereii 
said transmitter includes means for detecting said variations and for supplying a corresponding signal to said microproce 
said microprocessor calculating a numerical first derivative in response to said signal and comparing said calculated and 
first derivatives to one another, and based on said comparison adjusting the amplitude and duration of said square wave r 
deliver to said DBR section tuning current that maximizes said SMSR. 
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(tCMLX. mrlBlfW^ F^-FfflJEJ:!: (SMSR) 
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i^^Jl/CCSFtUr. ^Al^-r F^-F»IEJ:b (SMSR) 

cDS7i<>r> h^cfci^r. ^^c^isai^j&^a^ 

[ m^m 8 ] mfiB3KjllfttScD l±i;^7:<»5Jiifi^i@ ^ti. m 
nEy'^'^-m(Dmt}^^. F-^e- FffllJEib (SM 

SR) FCCfeC^r. *fflWJC— ^ttSlIiS 

^SWS (DBR) •fe^->3><5:Mf-fe^^>' 
a>*$^, *U§B7l&jMfiti:!&itutB^Jl1i^>^^ ^JSI*S 

(DBR) -fei5't^3>ccMiBi5iismi^^Jn^5/c(*cz)m 
Jf5{e*ei*& c:n*tutBl^lilimss^cJJ^;^ ^ct riuiB 

PHimsccj^fficD^Mj^^^e^n. tfriB3feJ^M^;^^\ MSB 

mmm.^(Dmm<D^m^^mo . j^js-rsft^^HfriBv 

'^^my^'^y^f^mm (dbr) •fe^>/3>^c. Buiait 

-^F^-^FffiEtb (SMSR) j{)^^i^c-5l^iHSd£* 

[0 0 0 n 

(DBR) ^mi^U-V'^Z^^U-'^^^Mit^'^i^fc 
ii6:fe<fcO'1f F-t-- FfflJIEtb (SMSR) ^tmmM< 

[0 002] 

[fif^CDg^JfB] m&^m^m (WDM) ^^^ti. 

mm (m^f(^. ^) iy:^y^j^(DmnmMmti^im\^ 
i^^o iss^^rar. ^mm&^m^m (wdm) ^>x 

iKjl. 5 5 // mia^OffijUJKSiS^icr tt 

$^X7^A«. l9S&WDM^)'2>C^iDWDM>^ 
Xr AiPf«nrCi-5o CCDcfc^Aj:s^;3;7^Atc:teC^r 

F<Dffjg<D— otcrttftt?#S36® (*'5l^»31c^8l 
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[0 00 3] fcfcL. cn6S^:^'f'A«rS»i[fflCcSor 
ftf^L-CC^^i. :»flJS:/^'>i5^JSS*S (DBR) 

A&<^j:Si. U-1ffci. ^-h'^t-^yy' (mode hop) * 
KtCX-f -.r^-rSi^tCtcS. ig?S^3^fJ^^« (WDM) 

mmmR^) (m«. i ru^^y-y F5j<^>htcj:o 

[0004] U-lfS:. H^5£<DJSi^?gS^S (««^-- F) 
^r. F^-:;b->^^&^acTC<i:?^j:< . ttf^p-r-SJ: 
^>K:ffJiai-r€> (o^o. SS{b^-t±'E>) ^£^Stei[^B# 
cc, ffe<D«*^- F<D?»S*ti^^fi5«:<£<it6J#-r-2>iiJ^ 
tt. oS«3. 1f >r F^-FWHU: (SMSR) 

[0 00 5] 

*5j:(:>'1f'r F^-FfflJIEtb (SMSR) ^^if< JSJ^T-S/cd?) 
<0fi£3fe(DS^R^Cj:S— o©T:7*p-^?!)^. S.L.WoocWard 
fD(fCjZ-r>X. IEEE Photonics Lett. , Vol .4, No. 5, pp. 417 
M19CMay 1992)(CfcCirga7i^$ tlTl^-S (J£^K&. Ctl« 
vybodwardi Ur-l-S^^h-S) « WoodwardO^fiS^C J: ^ 
i»?tiS:/'7u^i5^SWS (DBR) U-1f«. > 

^1f<0#— Fcoiijf'ftm^lf >f F-t- F^iffitb (S 
MSR) 3&5filffi3nriiSo ^*)M»m(tat. rf'yv^ 

•fe^i^H >tc«$&3n'2>iiiiiimsSK:. lookHzoiE 
•fe ^ 3 > D r- wb s ti/cife^^ aigtcium ? <i s 

S^<J:-:>T*^m?tl, (^IilHrl5'^>3>CC:7^-F/^'y^ 
3tl€>o IS6Og6X<3!>02CC7f^3n'5«fc^tC, Wtoodivard 

F-^e- FWEit (SMSR) ftlffigSSK 40 

t„„, = 0(Di*) «;^t^j:^Ci^7nigr'So 
[000 6 ] 

[^e83^^i*o<t^<i:'r^^s] ^BScDS^St^w^s 

(WDM) i^;^f"A6cfciir«. S^i-^^utcStf-rs-y- 

-< F^- F«IBEib (SMSR) iiJ^rUfe d Po„./ 

d 1 ,.„. = o^*5c>'cg;^<t«Aj:e>^c-r. ^ps. 

&-5r-^;^tC*5C^X«, F^- FPBEit (SMSR) 

dPo«t/d 1 1«„,= 0«:fcC>-Ctie^J:0 3-^5 50 
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F^-FWEtk (SMSR) m-;XSIMI»*«0-C» 
igg^S{b7l£aSm«^3:. ^Ifim^y v i^SttS ( D B 

>f F^-FffliGEtb (SMSR) ifimcKttjii,m-'^Xmm 

F^-FWIEtb (SMSR) t^mxtrjii>i^^)\^<om 

[0 0 0 7 ] *^?gfccfcO'*:^egcD«^J'cC^8i:teJ:J>'S 
[000 8] &*5. 0S€rffiggCC'rS/cd?)^C. m 1 tei: 

[0 00 9 ] 

©SliSWcJ:€>5iaiHi«l 0«. ISS^O^J-C^SSgOfiES 

(D-O. iSS^SO^S (WDM) ilfr>X7"A 

^ tcSH-Sn/c pliB^J^^mS:/^ d/SS*S ( D B R) U 

^n^m (WDM) S^Xr'AtC:teC^r«. ffl»CD»flj 

Sr^^'^r^SSiS (DBR) u--ircDtii:*j*^ 

iS^^jrSttte^g (0^i±r) nx. m^\t. Vr^^^ 

«rjiDmmce3iirs/c«6ccM^3nSo f^#«. u 

[00 10] ^JSS*S (DBR) U-1f 

(DBR) •fe^^>3>4$Oo ^:/i^3> 

tor, ccDu-riftj^ cni^^^y e:^-;/ i*{b^ 

i?UB>. a:iBg-t2^s^3>, 3fetftms-fe^s^3>. <fe 

^t':^x9^U(omWL'f^^^:!<t'iri>ct^xa>. (« 



5 

^Cti>. ^^m':f^y^mtS (DBR) -fe^S^a^ 

ti. f*«cD»^«. m-^. nmmmtmt*%i>o mmm 

SSI tun. \y-1fliit)o:>tp^C^m&imm'Sri>fcii>(fCfj^ 

^M^'y-jif^ms (DBR) •fei^5>3>(cm^n 

^= ies^fo^s (WDM) ^>:^f^A^C:fe(,^rt^. 
10 0 1 1) fcfcL. i^-V"! 2<Dmtimmt. ^CD^ 

C 0 0 1 2 ] i «3fl:ftWCC«, 1 0 \t. 

v'^ iuP) 18. fccfciy^U-lf 1 2*i6fll^3nSo 
U-1fl2^C«. Jg^DC?:)^^^-^ (TEC) 12. 
l*5cfcO'aS'fe>1f 1 2. 2 3&^^W^S^StlSo 
y'2 2«. 31cUl;t»<D/jN$&f!l^ (m«. 5%) m 

^mmi etciB^-rSo ^ifiii#«iigi 

m^. ^-jy'2 2f)^ho:>itm^^\^-j^:^y'')-j^ m 
tcrajt:f^„ bf-AX:7'i; tj'-A (3fefi 

*2o<Dgp59^^c^>siT'So CO— ^mim\!^ 

SI 6. UCJ:-:>r§3^$n. ^r:/';^ 
P (FP) x^n> (H^ifr) *iiDr:7T:/i;->in 
(FP) 3lc*ltUgl 6. 2K:.'>*XStlSo cn63fe*feffl 

f--i$^>xJtijiS2 4tc^^-r-sc<br. *fjE;-rs«ii 
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titLx^-^^uy'u^v-^is^m^^ti^^ m^Wi 

c<DtiJ:tj«. '^-<^n:/n-fe^lfl 8CD— *cDA*K:ttt 
tf 1 2(7)ag't2>lM 2. 2:^^6C7:)W;^75&5 

lf 1 j:.'^-fi#Terror^».li^^--7 (TE 

c) 12. itc#»&u. ctifCcfco-r. u-ifi2o?a 
s (DBR) •fei^^'3><D?ae^®jiai-r-2)o 

10 [0013] Uif^JcteCiTiS. ccmm^'&ity - F 
j^v{?)V--yru^ DCTfem^cDib^aiJ^-rS (ccDib 

mm^cxmmu^-'y {TEC) 12. i^igtb-r-sc 

S:tc r c (DiB^:;&5 0 5c s * r ^{b 5 n -5 o 

[0014] fST?. F)^ >:/ >''PPffi>' - j 
20 -:7*«. fittB-fe>^-7^^:;/^Uig (PSD) 20 (m 
tf. a y ^-/>lti|iig) , l5^IH«Sg(DDCM2 6. f^-f 
1f--M^cOACai2 8. ^J:^'v-Y^n:7*a-fe ';;if 1 8 
Ti^e^t^^tiS. {4tB-fe>^'T^-< r/^^ms (PSD) 2 
0«. SSetK^SBgl 6<Z)V.,,a;*jir^^lf-?S2 8 

ScDmSfi^) ^g^2 1 ^iicrv^^n:7-n-fe>>if 
18(c#t$^-rS„ •r^1f-^2 8 3&:»6cDr^-f1f-m-^ 

Dcas2 8;&^e)CDDcpiiii«-^tcja;^e>n. u— »f 

1 2 (D^^^Sr/-^ 5. ^Jg*fg (DBR) -fe ^v' 3 >JCfln 

30 ^e»nSo DC}H]ili^i^C0ji^«-7^>?a:7-D'fe ;;-tM 

8^c<f:oT$(l®3n'So 

[0 0 1 5] — MiUr. DC|q|ii«Sfe«. 0. 1-4 

OmA<DU>s;?^ff-^, 7^^-tf-m?S&i. /co/c*^jlO 

[0016] Sfjf^KlfcCiTti. fi[tH-fe>i^7^^ :/^l±IS 
(PSD) 2 0 i7^-<1f-ig2 8(D«-^#;0>6r:^a^ 

r:/n-^3&5^fig3n. u-lf 1 26Dm;ti^iS<3r)|lliB^ 
fe-CtS) o fi[ffi-fe>>'r^'f :/«^UiS (PSD) 2 0i 

50 s/ca6icffltrie>nSo oas«p, tf:«>5i^^i^yTM#* 
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SR) cc-csftf^-r-s^fc^cc^n^o ccrfflc^eti^s 

< . m^mom i d Bimov-^ k^- KSnEth (sm 

SR) fii*>^tfC<*:Cc^£g-r^o i¥SpJfigi^j:1f-r K-t- 
KJJBEib (SMSR) cDU>i^«. dPo«t/d 

CO 0 1 7 ] @3<DP§et^;<D^^^>'«. y 10 

ss*«(DBR) u--!f<Dimiii<3DiiH^*^-ro ccr. 

MSR) ^CStltxt"^ (-^^O. d Po«t/d I tu..tCl:b 

KMJEtb (SMSR) ^^«T€>[^tBa'>^>f>fi-^cD 20 

--4 3R:s*jjr.-rs^i'*;Kcstbr. -en^n. -0. 

9. -1. 0. -0. 8:teJ;of-0. 4«c^fil7&^tSS^? 

*5C!:>*5(D. ffiA± 1 dB(DU>S^*;^/>*--rSo 
[0 0 18] ii^.-r^^i^M. S5^Cif^-rJ:^CC. @;Ac 
K^- Kfflffitk (SMSR) tC^RtiS-r-SKlSmSSCD 
ii^^-ri/fc. dPo«t/d I t«n,= OCC:tel:tS*n 
ei«*ffDU^CliC<b-C*4o ct*:):P:f*e^^«. 05 CD 30 
^"yyiitf^^my^'y y ^S*tS ( D B R) U-1f CDiE® 

ai:fimtf^J:a'^^ K-t-- Fffliffib (SMSR) (DMT? 

dPout/d it„„, = otc*5C:t^m;^;fti^of-i;7 
1^^ K-t- FWffitb (SMSR) ftmcDf-^. o 
t?'>f F-t-^FWHtb (SMSR) CDffiA<h«-Sc 
•a-r. SIBStc«. d Po.t/d I t«n. = 0tc4tfC:tSl5liH 
1f >r F-^e- FCTfftb (SMSR) (DSt*-i>CD 

(SMSR) ffi:^fii<i:»P3'-5dB}rctt«£<&€>ffl 40 

[0019] —mom^Ecor'^ if-m^i:m^^fcm^ 

F-t-- F«IlEit (SMSR) tC*ti£;r^iRFSC[>fii^l5IH 

-rsci-c. s^-^-^ii/cc^furs^if-r F-t- FWE so 
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J:b.(SMSR) C[>#3j<^>FtC*jC^r— S^cj^iSggS 
[0 0 2 0 ] 0 HCTj^-TJr^Jic, ^7'->3 ><bLr<DS 

[0 02 1 ] ±j^<ommt. m(fC. :*:^H^<DMsccse-:> 
cioca^^-r-So jiomt^tfjifCkt. m-AmmmdP 

^^my^'y v^^m^ (dbr) •fe:^>^a>tcjjn;i6n 

-SlliamiS©)|(gS:;&^2o<DfflUcii I i^P^rx 

1 6 rt<D#M^iiiS 1 6 . i^<fcor^asn^o 

Wtc«. c<omM<o^ititt. v>r^n:/n-feyif 1 8^ 

(DA*O^^V,.,<D^{b<!:Lr31t>n-5o v-^i/a:^ 

i.^xT'rn^m(>cmtbrii>mm^^m^^i>m^iimmrj: 

[0 0 2 2 ] 0!I 

^(^(Dytmfmf^'Oi.^xmmr^o m^tittn. 

[0 02 3] ^fliM:;^^ ^^SS*S (DBR) U-1f 

Patcigg$n«>^3^^S!:/^ i^ySSiS (DBR) -tz^i^ 
a l^tf^hfSLi> 3 Hz 47 a t; ^— 

i^VaXDSSJ^. 4 10Mm<2:3n. fe^— otDStt 

tc^jc^r^j, cn^i. 8 2 0 Mm<bsn€>o c^-rticDia 

it. CO«««. 1. 3a^l(D^^*>F=^-l'^:/<D«iKK 
Ji<D±E^6<iCDBElffi3n/c I nGaP (47c) S^-# 

g (DBR) i2^2^3>OS3«. SOOamiSn. 
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(D^^mffCX 1 . 42 u mCD>'^*> K ^Pi' ^ :7'<D 2 0 0 

0 A CD/? 3 © 4 TcB * 3 it S C i r f# e n o 
[0 024] ly-lf-^smW m^\t. iyVziy&^i^Ht 

m(D^^:fjx\ m»(Drm(tcmnn^-^ (teo i 

2. l*3cfc?>*-fe>1f 1 2. 2:!&5ieg3tl6o :7T'Y/^'l 
S 1 6 CD/^• ^-i^MrtCC^C:f en/cr? y y - ^ (fC\t}ii' 

6n€>o cor? vy-^;&:»ea^3t;«©iESt^. *^0. 
5mm. ^mtmo, 2 5' gjSiSti-So Ctl*3a;ifj 

I4^c*fbr*^)5° CD^mcMi43n/c:7r (F 
P) x^a>^c^r6tiSo >'T:/y'^n (FP) 

c^Lx. ymm^ie, zifC^-^x^f&^ti^yt 

y>:^WiS2 4tc<l:^rvpp<h Lrvw^^u:7-nHr^> 

1^1 s(^c^^^ti^mm^tvxmmr^o 
[0025] mm-^^mmLfcf)K cti^trnm^fCkt^ 

i^mm(DmmcMLx. sfcaii^xp-t/oD^fr. 

[0 0 2 6 ] ■:7T:?^i;^n (FP) x^DXDg^y^-x 
^ (FSR) U-1f(D|giB;:<'f"^;^ >^*1f >f 

fcCD 1 0 0 GH zCDl^lSf*^:' >'*tf-rXtgS;?;-^^ h ;U 

(FSR) *^-r, i^^s^Hj-r-Scfc^^^. mmm 

:^S(I^^S (DWDM) i^J^^T^ACCfcCir^J. lOOG 
H z CD^^(Offl^-t±;&^. 5 OGHzCD^i'^;l/PaPiJcr 

[002 7] ffitB-fe>^"r -f r^ft^ms (PSD) 2 0 « 

8k:cj:-:>r. DCi®2 6;{i^60DC|iIil8mSfeCD±^C l O 
kHz <D— ^OaSitiCDSfiE (sKJ 1 0 /i A b'- ^7 • • 

[002 8] H3ti. ^fl?M:^^>>yjgS*S (DBR) 
U-1f©imt*^3^?5S:/'7 5^^St*S (DBR) iz^i^ 
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Biyitcm^^ti^mmmmcDm^toxfTi'ro mmmm 

Xi^^Ct:fys&m$tlfu 0. SnmdOOGHz) 

4 10 wm) CcJ:-3r^SSo 1f-r K^- KJipJEib 
(SMSR) «^^IHX'?*^r:7•cD** (^^ 

^l^liSX-r ':/^*cDct3:*. -r^^jrt)^. it^^K-t-FS? 
JItb (SMSR) fl«8(Dt'-iJ7^cStJS*rSlliSSgScfcO 

':'^Jg*f^ (DBR) U-1f^COC^r 1 0 0 GHz^^jr-S 
PlP;^f"':^:7' (S3) :foJ:J:>'5 OGHzi^cCSIiilB:^?^-:; 

[002 9] y ^-JF^-^y ^}l-':/f)S^i):^ti. 

20 ^ ySMS (DBR) U -1f CDaS3&5^i6-r i . u 

r 2 fflco^ - F Ji^ y'^mm ^tifco F :7*PJE 

Sl^/ctfc®-C. U-1fS@[«:0'C*^e>4 0'C*r;^ 

n/c. CCD*S*. -^r- F**:^b">i;^:?&^'jqi)EE3n'SC<b;&5 
fiHSSn/Co CCD5 0 GHz 7=-^:^ 7't?'>rXC0^fli 
^:/^5^yj5lhfS (DBR) U-1fr^i. CCr)S]gU> 
30 i^^^*^MDr. ^2 0{iCD|HliSXf'':;:7*CC>t^Lr. 

-F*y:7-«^<SISfJ3n3&:i&>-?/Co SS^^^tS-tf. 

*»J»saK»— «cc«l^ur. ;!/-:/*KDr. m:kif'^ 

F^-FPPEEtt (SMSR) /O^^^^^n-S J: ^Cc|^ii;&5 
f*^e>ti/Co CCD^m. I^-Y F-t-- FfflllEtt (SMS 

R) ^rcDHiBx-ru^^'tc^fur. ±iy>i:>iicm^ 

X. *^J3 0 dB«JiCC«BfSn. tf(DISfiimSS;&5i:t 
^fi^lSC^cfcOlSC^SS^C:felircD^^3 5 d BJ:K}{&< 

±X<D:^7^-j':f(tCMLX. 0. 095 + 0, 003nm 
40 /C X$)^Cti>mm^tifcf)^. Ctih. 1. 5 5/i 
m D F B U -1f(,cm^(Dmx$> S „ 

[0030] mrnm^m^^Mit^v-y't^-- h-yt-y y^ 
mKJi-y'(Dmy^^moxw)i'i^'r^ctx\ nm^i-y 
mm(fC-Di,>x ^mm^ tifc. w#msfc7&^5 0mA (S4> 
isc^[^ie^S£(Diaffij:o*r<'T©ffi) 3Ci:^e>i oomA* 

MbXi>^ m±2pm. ^^CUJ±0. 25GHzJi(P^ 

{mi^^tii>its(tcj:^xiSki i>i&^mm<Dmm^) 

50 JCi^S^Ci^SffiaiJSn/Co CCD3pJf#Sa£CD5 OmA 



XL 

(DWiMiMCX. y r ^ ^mt>mt)iit. mo. 0 5mW 
tr^hO. 1 7mW^cJS»0l/. K*- KffilJEhb (SM 
SR)t^. $^3 3. 5dB;:^^64 1. SdBCCtfJJDL 

SiS^K^SiJgl 6rt<D56*ftUSl 6. 1 

Eit (SMSR) *06±<DffiSco.1<>r>hK:j»^t-S 

[01 ] :?(D||KSCTCcJ:SdPo«t/d I 

[H2] *^BJ0[)4>^— ocojliS^IItCcfc'Sd Po«./d 

[03] i»^SJ^:/'^ -:.^5^SStS (DBR) U-1f(Dai:t3 
(OmmiiJ:C^'t(DV-( K^-KflUSb (SMSR) *I5 

[04] |sIffln-^^-<>fi-^<t1f^ K^-Ffflffitt (S 

MSR) ^mmmm<Dm^tLxm'r^^yx$)^o 

[05 ] iEffia^S;^ (mm) K-^-- KWEEib * 
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* (SMSR) (ffiiS) €:^*ry^:7r*0, S^i^^^W 
CCStOrif ^ K^- FWBEJt (SMSR) i^^^-TU 

[06] *'C^SiS$iJ!ai;i/-::^*j Jcc^f-^r- K* v ^SiJ!Bi;u 

(DBR) U-*1f<7)tb^?a?S<b7fe:7r '<>^^-CC^^3n^ 

\yxmr^'7y(omxi>h. 

10 :?feai(ita 

1 2 pJia^3^?SSl::^^ t5^JSS*S (DBR) tf 
12. 1 (TEC) 

12.2 Sg[-fe>1^ 
14 7K:7T>f/N* 

1 5 mm'f^'^-c^ 

1 6 mmm^m^ 

16. 1 #M7e:«IUS 
16. 2 :7T:/U^a (FP) ?fetfetBg 

16.3 sfi-fev-y* 

2 0 {4tB-fe>>-f-^:/«^tHS (PSD) 

2 2 

24 h^>;^'f>f-y>x 

2 6 mmw^mBcm 

2 8 f^^lf-fi-^fflACiS 



[01 ] 
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faif -Y F-^- Kffiiffitb (SMSR) 'f)m-Atrj:^u^)\y 

^M-:f'7yifKmm (DBR) -iz^i^aVtfiJfi-fe^^s^ 
S:/^*:/ ^SttS (DBR) ^^lyB>(fCm^^fc^<0 

rn^m. <atB*fe>t^^ (p s d ) . m^ms 

•fevtxf-^ >^^tHg (PSD) . 43j:cmiB53^ffi^::^^ 

-y^JSS*S (DBR) ■fe^^v^3>tC^'^$n/c7='^1f- 

^-/:/=^ais (PSD) to:>mtl^^t^^Lxmn^m—A 



mtiiB] W-^l 3^9>g2O0 (2 00 1, 9. 2 
0) 

[^^«iE 1 ] 

'r^m^<o^^^)i^t^^m.^^n^M (wdm) 
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